Rapid-scanning cofocal microscopy has been applied to the analysis of early phase Ca 2+ transients in ventricular and atrial cardiomyocytes. On electrical stimulation of ventricular myocytes, Ca 2+ concentration begins to rise earliest at the Z-line level and becames uniform throughout the cytoplasm within about 10 ms after the onset of the action potential; transsarcolemmal Ca 2+ influx triggers Ca 2+ release from release sites on the junctional sarcoplasmic reticulum (SR) coupled to T-tubules at the Z-line throughout the cytoplasm. In atrial myocytes lacking the T-tubular network, transsarcolemmal Ca 2+ influx during an action potential triggers SR Ca 2+ release only at subsarcolemmal region. SR Ca 2+ release then spreads towards the central region of the cell thourgh a propagated Ca 2+ -induced-Ca 2+ release mechanism. The atrio-ventricular difference in excitation-contraction coupling mechanisms underlies some of the atrioventricular difference in response to physiological and pharmacological stimuli.
Introduction
Confocal microscopy in combination with Ca 2+ sensitive fluoroprobes has been used as a powerful method to study Ca 2+ dynamics in intact cells where the structural and functional components are well maintained. In cardiomyocytes, transsarcolemmal Ca 2+ influx during the action potential triggers Ca 2+ release from the sarcoplasmic reticulum (SR) and results in contraction, but the structural relation between the sarcolemma and the SR membrane is different between ventricular and atrial myocytes. In typical ventricular cardiomyocytes of mammals, T-tubular invaginations of the sarcolemma recur periodically at or near the Z-lines where they are frequently coupled with the SR (1) . In contrast, Ttubules are absent or poorly developed in atrial cardiomyocytes. This suggests that the mechanisms for triggering Ca 2+ release from the SR is different between the atria and ventricle. In this short article, we will review the confocal analysis of early phase myocardial Ca 2+ transient including those from our laboratory with a rapid-scanning confocal microscope. A topical review of the same field has recently been published by other researchers (2) .
Excitation-contraction (E-C) coupling in ventricular myocytes
In ventricular cardiomyocytes loaded with the Ca 2+ sensitive fluoroprobe fluo-3, nonuniformity in Ca 2+ fluorescence with a "striped" appearance is observed during the initial phase of the Ca 2+ transient evoked by field stimulation (3) . Points at which rise in Ca 2+ began several ms earlier than other regions are spaced at regular intervals of about 1.8 m m along the longitudinal axis of the cell (Fig. 1A) . The spatial nonuniformity lasts only for about 4 ms, and at about 10 ms after stimulation, the Ca 2+ concentration is elevated throughout the cytoplasm. Nuclear Ca 2+ was observed to rise and fall following cytoplasmic Ca 2+ with a delay, which could be best explained by the nuclear envelope acting as a diffusion barrier (4) . Comparison of transmission image of striations with line scanned Ca 2+ images revealed that points where the rise in Ca 2+ was fast coincided to the center of the I-band (Z-line), and the points where the rise in Ca 2+ was slow coincided to the center of the I-band (A-line). In addition, cells were stained with the membrane-selective probe di-2-ANEPEQ after line scan analysis of Ca 2+ transients ( Fig. 1B) (3, 5) . In addition to the heavily stained sarcolemma, transverse lines of di-2-ANEPEQ staining were observed at 1.8-m m intervals in the longitudinal direction, indicating the presence of T-tubular invaginations throughout the cell (Fig. 1B) . The points showing faster Ca 2+ elevation coincided with the points heavily stained with the membrane probe, indicating that they corresponded to the T-tubles located at the level of the Z-line. Coincidence of focal Ca 2+ release sites with the T-tubules was also observed in ventricular cardiomyocytes when the diffusion distance of Ca 2+ was reduced with intracelluar EGTA (6). These results provided visual evidence that the primary site of Ca 2+ release during normal Ca 2+ transients is localized to the junctional SR. Initiation of Ca 2+ release at the junctional SR is also supported by immunofluorescence and immunoelectronmicorscopical studies showing the presence of ryanodine receptor Ca 2+ release channels in the junctional SR but not in the longitudinal SR (7) .
Ca 2+ sparks, transient local increases in cytoplasmic Ca 2+ , have been investigated as the elementary unit of Ca 2+ release from the SR (8 -11) . They occur either spontaneously or on depolarization under limited transsarcolemmal Ca 2+ entry. Spontaneous Ca 2+ sparks are inhibited by ryanodine but not by transsarcolemmal Ca 2+ entry blockers (5) , and occur at the Z-line level (5, 12, 13) . The spatio-temporal pattern of a Ca 2+ spark resembles that of an action potential-evoked Ca 2+ rise at a single Ca 2+ release site in intact cardiomyocytes (5) . Furthermore, when a Ca 2+ transient is preceded by a Ca 2+ spark, there is a refractory period of about 30 ms before Ca 2+ release can occur at the relevant release site (5) . Based on these observations, the normal myocardial Ca 2+ transient is considered to be a summation of Ca 2+ sparks; transsarcolemmal Ca 2+ influx through the T-tubular membrane triggers Ca 2+ release from release sites simultaneously throughout the cytoplasm, resulting in a homogeneous rise in Ca 2+ within several milliseconds after the onset of action potential (Fig. 1C ). This is also supported by studies with immunohistochemistry and image deconvolution techniques suggesting tight coupling of sarcolemmal Ca 2+ channels and SR Ca 2+ release channels at the dyadic cleft (14) . Monitoring Ca 2+ sparks enables us to observe Ca 2+ release from individual release sites in the intact cardiomyocyte, and this technique has been applied to study the effect of phosphorylation (11) and the interaction with FK506 binding protein (15) . The refractory period in Ca 2+ release from individual Ca 2+ release sites would counter the inherent positive feedback of Ca 2+ -induced Ca 2+ release and serve as a mechanism to avoid uncontrolled release of Ca 2+ from the SR. It would enable Ca 2+ release to terminate on its own when the Ca 2+ concentration at the restricted space between the T-tubules and the junctional SR membrane is still high. The refractory period would also explain phenomena related to Ca 2+ waves (see below) such as annihilation of spontaneous Ca 2+ waves on collision and inhibition of SR Ca 2+ release after a spontaneous Ca 2+ wave (16) .
E-C coupling in atrial myocytes
In atrial cardiomyocytes, staining by the membrane dye di-2-ANEPEQ was seen at the cell surface but not in the cell interior ( Fig. 2A) . This confirms the lack of T-tubules in atrial cardiomyocytes. In fluo-3-loaded rat atrial myocytes, the earliest rise in Ca 2+ concentration occured simultaneously at the entire subsarcolemmal region of the myocyte and then spread to the cell interior in a wave-like manner (Fig. 2B ). Quantification of fluorescence at the subsarcolemmal region and at the cell center of an atrial myocyte clearly showed the propagation of Ca 2+ increase from the sumsarcolemmal to central region (Fig. 2C ). In the case of the cell shown in Fig. 2C , the peak normalized fluorescence value was the same at all three measured points and the velocity of propagation into the cell interior was 120 mm / s. Earlier rise in Ca 2+ at the subsarcolemmal region and propagation towards the cell center was also observed in atrial cardiomyocytes from guinea pig (17) and cat (18, 19) . The rise in Ca 2+ in the cell center was either the same as or somewhat smaller than the rise at the subsarcolemmal region; in some cases, Ca 2+ was observed to rise only in the subsarcolemmal region. In the rat atrial cardiomyocyte, the inhibition of the rise in Ca 2+ by ryanodine was significantly larger at the center of the atrial myocyte when compared with the subsarcolemmal region (3). The propagation of rise in Ca 2+ from the subsarcolemmal region to cell center was inhibited in cat atrial myocytes subjected to intracellular dialysis with EGTA. (20) . These results indicate that in atrial myocytes that lack a well developed T-tubular network, Ca 2+ release from the SR at the subsarcolemmal region and cell interior is activated by different mechanisms (Fig. 2D ). Electron microscopic analysis of rat atrial myocytes have shown occasional coupling of the sarcolemma and subsarcolemmal SR (21, 22) . Immunohistochemical and electron microscopic studies have shown colocalization of the SR Ca 2+ release channel and the sarcolemmal Ca 2+ channel at the cell periphery in rabbit atrial cardiomyocytes (23) . Thus, at the subsarcolemmal region, transsarcolemmal Ca 2+ influx can directly trigger SR Ca 2+ release. On the other hand, in the central region of the atrial myocyte, Ca 2+ release channels are present on the extended junctional SR or corbular SR without any coupling with Ca 2+ channels (23, 24) . Thus, in the central region of the atrial myo- cyte, Ca 2+ is released from the corbular SR through a propagated Ca 2+ -induced-Ca 2+ release mechanism.
Spontaneous Ca 2+ waves, propagating local increases in Ca 2+ , are occasionally observed in both atrial and ventricular myocytes. Ca 2+ waves propagate to all directions in the cytoplasm with a velocity of approximately 100 m m / s (16) . Spontaneous Ca 2+ waves were unaffected by nicardipine and completely abolished by 10 -6 M ryanodine, which indicates that spontaneous Ca 2+ waves are the propagation of the Ca 2+ -induced-Ca 2+ release mechanism (25) . Analysis of the leading edge of Ca 2+ waves revealed that Ca 2+ release occurs at the Z-line level (16) , which is the same as the case with depolarization-evoked Ca 2+ transients (5) and Ca 2+ sparks (5, 12, 13) ; in other words, a Ca 2+ wave is the sequential firing of Ca 2+ sparks. The Ca 2+ release in atrial cardiomyocytes on depolarization propagates towards the cell central region with a velocity of about 100 mm / s and are inhibited by ryanodine (3, 19) . Activation of individual release sites occuring at the Z-line level has been visualized both in the subsarcolemmal and central region of the atrial cardiomyocyte (19) . Thus, on depolarization of atrial cells, Ca 2+ release units are sequentially activated through a propagation of the Ca 2+ -induced-Ca 2+ release mechanism, similarly to the case of spontaneous Ca 2+ waves (Fig. 2C) .
When the properties of Ca 2+ sparks were compared, no difference was observed in the distribution and kinetics between the sub-sarcolemmal and center regions of atrial myocytes as well as between atrial and ventricular myocytes (3, 11) . Thus, the properties of Ca 2+ release units appear to be baisically the same between peripheral and central regions of the atrial myocyte and also between atrial and ventricular myocytes. The propagation velocity of atrial Ca 2+ waves, approximately 100 mm / s, was almost the same as that of ventricular Ca 2+ waves, suggesting that the functional coupling between Ca 2+ release units are similar between atrial and ventricular myocytes. Thus, the large difference in the mode of activation of Ca 2+ release from the SR between atrial and ventricular myocytes could not be attributed to difference in the properties of the SR Ca 2+ release unit itself.
Atrio-ventricular difference in pharmacological properties
The responses to various transmitters and pharmacological agents are known to be different between atrial and ventricular myocardia. Although the basic properties of key proteins such as the L-type Ca 2+ channel, ryanodine receptor Ca 2+ release channel, Ca 2+ ATPase, and Na + -Ca 2+ exchanger appear to be the same, there are several structural differences between the two regions. The atrial wall is much thinner than the ventricular wall which might increase the sensitivity of the atrial to regulatory factors secreted from the endocardial endothelium (26) . For example, we found that in mouse atria, acetylcholine produces a biphasic inotropic response, a transient decrease followed by a marked increase in contractile force; the latter was mediated by prostaglandins released from endocardial endothelium (27, 28) . Another major difference is the presence of T-tubular network in ventricular but not atrial myocytes, which underlies the atrio-ventricular difference in E-C coupling mechanism, as mentioned above. In many experimental animal species including the rat (3), guinea pig (29) , and rabbit (30) , the sensitivity of contractile force to ryanodine is higher in the atria than in the ventricle. The fraction of cellular volume occupied by the SR was reported to be approximately the same between atrial and ventricular myocytes (31) . Thus, the higher sensitivity of atrial contraction to ryanodine could rather be explained by the involvement in atrial E-C coupling of a wave-like propagation of Ca 2+ release from the SR. In fact, we have previously shown in ventricular cardiomyocytes that the sensitivity to ryanodine and cyclopiazonic acid, which inhibits Ca 2+ -induced Ca 2+ release from the SR through inhibition of Ca 2+ uptake (32), is higher for Ca 2+ waves than for depolarizationinduced Ca 2+ transients (25) . Thus, the difference in the activation mechanism of Ca 2+ release from the SR between the atria and ventricle may underlie some of the difference in their response to physiological and pharmacological stimuli.
Conclusion
In ventricular cardiomyocytes, transsarcolemmal Ca 2+ influx triggers Ca 2+ release from release sites on the junctional SR coupled to T-tubules at the Z-line throughout the cytoplasm. In atrial myocytes lacking the Ttubular network, transsarcolemmal Ca 2+ influx during an action potential triggers SR Ca 2+ release only at the subsarcolemmal region. SR Ca 2+ release then spreads towards the central region of the cell thourgh a propagated Ca 2+ -induced-Ca 2+ release mechanism. The atrioventricular difference in E-C coupling mechanisms underlies some of the atrio-ventricular difference in response to physiological and pharmacological stimuli. Rapid-scanning confocal microscopy, which had a major contribution to the establishment of such understanding, is a powerful method to study intracellular Ca 2+ dynamics; it enables quantitative analysis of both the properties of individual Ca 2+ release units and their coordinated spatio-temporal pattern of activation during myocardial contraction.
